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Summary
Objective: The vascular invasion of bone marrow tissue into the subchondral plate is often observed in articular cartilage and we named it the
subchondral bone absorption pit; however, its implication in the pathogenesis of osteoarthritis (OA) has been poorly understood. The purpose
of this study was to evaluate its characteristics and roles in osteoarthritic conditions.
Methods: Articular cartilage specimens from 11 patients with medial type knee OA and 7 non-arthritic cadavers were analyzed with
HE staining. OA sections were stained with safranin-O, TRAP (tartrate resistant acid phosphatase) and immunostained with anti-MMP-1,
MMP-3, MMP-13, vitronectin receptor (VNR)-a chain, vimentin and bone morphogenic protein (BMP) 2/4 antibodies.
Results: Subchondral bone resorption pits were classiﬁed according to the extent of invasion: pits with bone marrow tissue were located within
uncalciﬁed cartilage below the tidemark in grade I and invaded beyond the tidemark in grade II, while no invasion was seen in grade 0. Grade II
pits were dominant in OA compared to non-arthritic joints, especially medial condyles. Proteoglycan detected with safranin-O staining was lost
around the tip of grade II pits and the density of pits was related to the modiﬁed Mankin Score. Cells in pits expressed vimentin, MMP-1, MMP-3
and MMP-13. Some polynuclear cells co-expressed VNR-a chain and MMP-13, whereas pits showed reparative features expressing BMP.
Conclusion: These results suggest that subchondral bone resorption pits contribute to cartilage degradation by expressing matrix
metalloproteinases in OA.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) is a common disease in the elderly and
impedes their daily life. Characteristic changes of OA
involve osteophyte formation, ﬁbrillation and abrasion of
cartilage following denudation and sclerosis of subchondral
bone.
Cartilage degradation is considered the result of excess
physical loading and friction associated with aging, ana-
tomical variation and former traumatic injury; however, it is
now widely accepted that degeneration is mediated by
chemical factors such as proteinases and cytokines. Matrix
metalloproteinases (MMPs) are the most critical proteases
to degrade the extracellular matrix of OA cartilage1,2 and
originate from synovium3, chondrocytes and pannus-like
tissue4,5 with the latter two considered the primary origin.
The subchondral plate that separates articular uncalciﬁed
cartilage from the bone marrow cavity6 consists of calciﬁed
cartilage and subchondral lamellar bone layers; however,
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vascular channels or subchondral cracks links bone marrow
to articular cartilage7e10. The lesion is also termed a ‘‘pit’’
from the morphological viewpoint, as it appears as a hole in
bony tissue11,12. In this study, it is referred to as a ‘‘sub-
chondral bone resorption pit’’, as it exists in the subchondral
plate resorbing subchondral bone.
Subchondral bone resorption pits with vascular extension
are considered as a part of the remodeling process of
subchondral bone13e15 or as a nutritional mechanism for
articular cartilage6,16. On the other hand, other authors have
described it as an invasive reaction of bone marrow to
articular cartilage in OA17,18.
In this study, the formation of subchondral bone re-
sorption pits was investigated histologically in OA and in
non-arthritic samples. In addition, the destructive and
remodeling features of subchondral bone resorption pits
are shown.
Materials and methods
CARTILAGE SAMPLES
Articular cartilage specimens were obtained from 11 knee
joints of 11 patients with primary medial type OA un-
dergoing arthroplasty. The average age at operation was
73.5 (65e79) years (Table I). Patients fulﬁlled the classiﬁ-
cation for the American College of Rheumatology19, and the9
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and Laurense grading system20. They had no history of
injury, and there was no radiological or serological evidence
suggesting other arthritic conditions, such as rheumatoid
Table I
Knee samples, number of blocks and the density of subchondral
resorption pit
Case Age (years) Sex No of blocks Density (pits/10 mm)
Grade I Grade II
OA
1 74 f 5 2.9 1.7
2 77 f 10 2.3 1.8
3 74 f 6 1.2 0.36
4 73 f 5 2.9 1.4
5 77 f 14 2.5 1.0
6 79 f 16 2.1 0.82
7 76 f 10 2.5 1.2
8 66 f 11 2.1 1.0
9 69 f 14 3.0 0.76
10 65 f 7 1.2 2.0
11 78 f 12 5.5 1.4
mean 73.5 2.6G 1.2 1.2G 0.50
Control
21 74 m 13 2.7 0.057
22 75 m 19 5.0 0.82
23 79 f 13 2.3 0.052
24 95 m 14 3.5 0.22
25 81 f 14 2.5 0.026
26 79 f 14 1.3 0
27 90 f 14 1.8 0.23
mean 81.9 2.7G 1.2 0.20G 0.29
Age is expressed in years. m: male, f: female, No: number.
Average density is expressed by meanGSD.arthritis (RA). As a control, non-arthritic knee joints were
obtained from seven mature human cadavers. The average
age of the controls was 81.9 (74e95) years. The gross
appearance of the control cartilage was normal with no sign
of inﬂammation. All samples were obtained with informed
consent, and the institutional ethical committee approved
the study protocol.
PREPARATION OF SPECIMENS WITH CARTILAGE
AND SUBCHONDRAL BONE
Articular blocks with cartilage and subchondral bone were
resected from articular samples of the femoral condyle, the
tibial condyle and the patella (Fig. 1). The number of blocks
ranged from 5 to 19 in each joint (Table I). Each block
included the whole surface of the joint, excluding osteo-
phytes in OA. The blocks were cut into slices approximately
2-mm thick and ﬁxed in 4% paraformaldehyde/0.01 M
phosphate-buffered saline (4% PFA/PBS) for 2 h. After
decalciﬁcation in 10% ethylenediamine-N,N,N#,N#-tetra-
acetic acid, disodium salt, dehydrate (EDTA2Na) for 2
days, the sections were embedded in parafﬁn and 5 mm
sections were prepared.
HISTOCHEMICAL AND IMMUNOHISTOCHEMICAL STAINING
A section from each block was stained with HE and
sections from OA samples were stained with safranin-O and
fast green. Representative sections from 20 OA blocks
were immunostained for MMP-1, MMP-3, MMP-13, vitro-
nectin receptor (VNR), vimentin and bone morphogenic
protein (BMP) 2/4 as follows: after deparafﬁnization,
sections were incubated with 0.3% hydrogen peroxide/
methanol for 30 min, followed by incubation in antigen-
retrieval buffer (BUF025A Serotec, UK) at 92(C for 10 minLTC
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PFJ
LTC
MFCLFC
MTC
PFJ
LTC MTC
LFC MFC
PFJ
P
MFC
P
P
A B C
Fig. 1. Outline of the knee joint (A) and topographic location of the osteochondral blocks from representative osteoarthritic (B) and non-arthritic
joint (C). Blocks were resected along the dotted line and each section was prepared from each block. MFC: medial femoral condyle, LFC:
lateral femoral condyle, MTC: medial tibial condyle, LTC: lateral tibial condyle, PFJ: patellar femoral joint, P: patella.
681Osteoarthritis and Cartilage Vol. 13, No. 8AC AC AC
CC
CC
CC
SB
SB SB
A B C
Fig. 2. Histological ﬁndings of subchondral plate with HE staining. (A) Grade 0: subchondral plate with no invasion of bone marrow. (B) Grade I:
subchondral bone resorption pit formation is limited within the calciﬁed cartilage, (C) Grade II: bone marrow tissue inﬁltrate into the articular
cartilage beyond the tidemark. Arrow: tidemark, AC: articular cartilage, CC: calciﬁed cartilage, SB: subchondral bone, barZ 100 mm.Table II
Histochemical features of subchondral bone resorption pit
Grade I Grade II
Location Beneath the tidemark Beyond the tidemark
Vascular invasion 16% 50%
AC condition on
pit
Lower mMankin score Higher mMankin
score safranin-O
depletion
Dominant in Both OA and non-arthritic OA
AC: articular cartilage.
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Fig. 3. The density of grade I and grade II subchondral bone
resorption pit in OA and control. The density of the pits is expressed
as the number of pits per 10 mm of the subchondral bone. Values
are the meanG SD. *P! 0.05.and digestion with proteinase K (DAKO, USA) for 3 min.
Sections were then incubated with anti-human MMP-1
monoclonal antibody (Fuji Chemicals, Japan) at a dilution of
1:200, anti-human MMP-3 monoclonal antibody (Fuji
Chemicals, Japan) at a dilution of 1:500, anti-MMP-13
polyclonal antibody (Sigma, USA) at a dilution of 1:5000,
anti-human VNR-a chain monoclonal antibody (MONO-
SAN, the Netherlands) at a dilution of 1:100, anti-human
vimentin monoclonal antibody (Sigma, USA) at a dilution of
1:200 and anti-human BMP-2/4 polyclonal antibody (R&D
System, USA) at a dilution of 1:200. As negative controls,
sections were incubated with the non-immune serum of
respective animals. Overnight reaction with the primary
antibody was followed by incubation for 30 min with
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG
(Nichirei, Japan) at a concentration of 4 mg/ml for MMP-13,
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Fig. 4. The density of subchondral bone resorption pits in the medial
and the lateral condyles. Values are the meanG SD. Med: medial
femoral condyle and medial tibial condyle, Lat: lateral femoral
condyle and lateral tibial condyle, *P! 0.05.
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Fig. 5. Correlation of subchondral bone resorption pit and the degradation of articular cartilage. (A) The mean mMankin score in articular
cartilage overlying subchondral bone with (C) or without () grade II subchondral bone resorption pits. **P! 0.01. (B) Correlation of the
number of pits and mMankin score overlying the pits (rZ 0.459, nZ 112, P! 0.001). (CeE) Representative view stained by safranin-O, (C)
no pit formation with mMankin scoreZ 2, (D) two-pit formation with mMankin scoreZ 4, (E) multiple pit formation with mMankin scoreZ 7.
Arrowhead: subchondral bone resorption pit, barZ 1000 mm.HRP-conjugated anti-goat IgG (Nichirei, Japan) at a con-
centration of 4 mg/ml for BMP-2/4 and HRP-conjugated anti-
mouse IgG (Nichirei, Japan) at a concentration of 4 mg/ml
for MMP-1, MMP-3, VNR-a chain and vimentin. The
sections were visualized with 3,3#-diaminobenzidine
(DAB) tetrahydrochloride (DAKO, USA) and counterstained
with Mayer’s hematoxylin (Wako Chemicals, Japan). The
number of MMP-1, MMP-3 and MMP-13-positive cells in the
pits was counted and the percentage of positive cells was
expressed as meanG standard deviation (SD). TRAP
(tartrate resistant acid phosphatase) staining was per-
formed in these samples using a leukocyte-acid phospha-
tase kit (Sigma, USA) following the manufacturer’s
instructions. Double staining was performed to elucidate
the characteristics of polynuclear cells in subchondral pits
using antibodies against VNR-a chain in combination with
MMP-13. Brieﬂy, sections were prepared for immunostain-
ing and incubated overnight with an anti-VNR-a chain
antibody at a dilution of 1:100 following incubation with
a ﬂuorescein-conjugated anti-mouse IgG (HC L)-PE anti-
body (BECKMAN COULTER, USA) at a concentration of
50 mg/ml for 3 h. After observation under a ﬂuorescentmicroscope, sections were stained with anti-MMP-13
antibody and visualized with DAB as described above.
HISTOLOGICAL EVALUATION
Subchondral regions covered with either intact or
damaged articular cartilage were observed by light micros-
copy. Osteophytic regions and eburnated regions were
excluded from the observations. The morphology and
prevalence of subchondral bone resorption pits were
analyzed with HE sections, classiﬁed according to the
extent of invasion: in grade I, pits with bone marrow tissue
were located in the calciﬁed cartilage below the tidemark,
that is the line between the calciﬁed cartilage and un-
calciﬁed cartilage; and in grade II, pits with bone marrow
tissue invaded beyond the tidemark, while no invasion was
seen in grade 0. To elucidate the density of subchondral
bone resorption pits, the number of pits in the 10-mm-long
subchondral plate was counted. To evaluate the degrada-
tion of articular cartilage above subchondral bone re-
sorption pits, safranin-O-stained sections were analyzed
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Fig. 6. Depletion of proteoglycan by subchondral bone resorption pit in OA. Safranin-O staining is positive in articular cartilage in the grade
0 (A) and the grade I (B) pits. (C) Depletion of safranin-O staining in articular cartilage around the tip of grade II pit. Arrow: tidemark,
barZ 100 mm.AC
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Fig. 7. Osteoclast-like cells attached to the inner surface of the pit
and seemed to absorb calciﬁed cartilage as well as articular
cartilage. Serial sections showed the presence of multinucleated
cells positive for TRAP (A) and VNR-a chain (B) in the grade II pit.
AC: articular cartilage, CC: calciﬁed cartilage, BM: bone marrow,
arrow: tidemark, barZ 100 mm.and expressed by a modiﬁed Mankin (mMankin) score. As
the Mankin score already includes an item relating to
subchondral pits (vessels over tidemark)21, this item was
omitted from the mMankin score. The mMankin score and
the number of pits were evaluated in randomly selected 220
views at 40! microscopic magniﬁcation from 110 OA
sections of 110 blocks.
STATISTICAL ANALYSIS
Groups were compared using Student’s t-test, and P
values less than 0.05 were accepted as signiﬁcant. The
correlation between the mMankin score and the density of
pits was analyzed by the Spearman rank-over correlation
test. Error bars represent SDs.
Results
HISTOLOGICAL FINDINGS OF SUBCHONDRAL
BONE RESORPTION PITS
Histologically, subchondral bone resorption pits were
divided into three grades. In grade 0, no pit formation was
detected in the subchondral plate [Fig. 2(A)]. In grade I,
bone marrow tissue in the pit extended into the subchondral
plate, however, it was limited to the calciﬁed cartilage layer
[Fig. 2(B)]. When bone marrow tissue extended across the
tidemark into articular cartilage, the subchondral pit was
deﬁned as grade II [Fig. 2(C)]. Mononuclear cells, poly-
nuclear cells and vessels were found in the pits associated
with the bone marrow tissue. Half of the grade II pits but
only 16% of grade I pits had vascular invasion (Table II).
DENSITY OF SUBCHONDRAL BONE RESORPTION PITS
Histological observation disclosed that both OA and
control samples had grade I pit formation. The frequency of
grade I pits was 2.6G 1.2/10 mm and 2.7G 1.2/10 mm in
OA and the control, respectively, whereas the frequency of
grade II pits was 1.2G 0.50/10 mm and 0.20G 0.29/10 mm
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Fig. 8. Immunohistochemistry of the subchondral bone resorption pit for MMP-1 (A,D), MMP-3 (B,E) and MMP-13 (C,F) in the grade II (AeC)
and the grade I (DeF) pit. Polynuclear giant cells or mononuclear cells expressed MMPs in their cytoplasm. AC: articular cartilage, CC:
calciﬁed cartilage, SB: subchondral bone, arrow: tidemark, barZ 100 mm.in OA and the control, respectively (Fig. 3). Thus, the
density of grade II pit was signiﬁcantly higher in OA.
SUBCHONDRAL BONE RESORPTION PITS IN MEDIAL
AND LATERAL CONDYLES
The density of subchondral bone resorption pits in the
medial and lateral condyles of OA joints was investigated to
elucidate the effect of mechanical stress on pit formation, as
the patients had medial type OA. The frequency of grade I
pits was 2.4G 1.6/10 mm and 2.6G 1.4/10 mm in the
medial and lateral condyles, respectively, and the frequency
of grade II pits was 1.2G 0.6/10 mm and 0.7G 0.2/10 mm
in the medial and lateral condyles, respectively (Fig. 4). The
grade II pits of OA in the medial condyles showed
a signiﬁcantly higher frequency than the lateral condyles,
whereas there was no difference in grade I pits. In the
control samples, there were no signiﬁcant differences in
frequency between the medial and lateral condyles re-
garding pit formation (data not shown).
SUBCHONDRAL BONE RESORPTION PITS
AND mMANKIN SCORE IN OA
The average mMankin score of articular cartilage above
pit formation was 4.9G 1.8, whereas the score above
subchondral bone without pit formation was 2.8G 1.4
[Fig. 5(A)]. OA cartilage lesions with grade II pits showed
a signiﬁcantly higher mMankin score than cartilage without
grade II pits. The density of subchondral resorption pits wascorrelated signiﬁcantly with the mMankin score
[Fig. 5(BeE)].
PROTEOGLYCAN CONTENT AROUND SUBCHONDRAL
BONE RESORPTION PITS
Safranin-O staining showed that abundant glucosamino-
glycan was present in the calciﬁed cartilage zone whereas
no pit formation was found in the subchondral plate
[Fig. 6(A)]. Just above the grade I pit, a slight loss of
glucosaminoglycan was noted in the territorial zone of
chondrocytes whereas marked proteoglycan loss was
noted around the tip of the grade II pit [Fig. 6(B,C)].
CELLULAR CHARACTERISTICS IN SUBCHONDRAL
BONE RESORPTION PITS
Polynuclear cells positive for TRAP and VNR-a chain
attached to the inner surface of the subchondral bone
resorption pit and seemed to absorb articular cartilage as
well as subchondral bone and calciﬁed cartilage.
[Fig. 7(A,B)].
EXPRESSION OF MMP-1, MMP-3 AND MMP-13 BY CELLS
IN SUBCHONDRAL BONE RESORPTION PITS
Some of polynuclear giant cells or smaller mononuclear
cells in subchondral resorption pits were positive for MMP-1,
MMP-3 and MMP-13 (Fig. 8). Positive cells were found in
grade II pits as well as grade I pits. The percentage of
685Osteoarthritis and Cartilage Vol. 13, No. 8positive cells in the invading cells in grade II pits for MMP-1,
MMP-3 and MMP-13 were 8.1G 6.2%, 22.6G 12.0% and
21.5G 10.9%, respectively.
CO-EXPRESSION OF VITRONECTIN AND MMP
Double staining showed that osteoclastic polynuclear
cells co-expressed MMP-13 with VNR-a chain [Fig. 9(AeB)].
EXPRESSION OF BMP AND VIMENTIN
Cells invading subchondral bone resorption pits were
positive for vimentin [Fig. 10(A)], as were bone marrow cells
(data not shown), suggesting that they were of mesenchy-
mal origin. The surface was lined with cells strongly
expressing BMP in some pits [Fig. 10(B)]. Bony inden-
tations surrounded by mature lamellar bone [Fig. 10(C,D)]
were commonly found in OA subchondral plates, making
the subchondral plate irregular.
Discussion
The connection between bone marrow and articular
cartilage has been described using various terms such as
A
B
Fig. 9. Co-expression of MMP-13 (A) and VNR-a chain (B) in
polynuclear cells in the grade II subchondral bone resorption pit.
AC: articular cartilage, arrowhead: positive cells, barZ 50 mm.vascular channel, subchondral crack or pit (Table III). In this
paper, subchondral bone resorption pits are preferred
because of their osteal morphology, and are thought to
play a role in cartilage nutrition and cross-talk between
C
D
A B
Fig. 10. Some pits permitted vimentin positive cells to invade (A)
and other pits were lined with BMP positive cells (B). There were
some pits that were surrounded by mature lamellar bone (HE
staining) (C). Bony indentation surrounded by mature lamellar bone
(C) was found, which made the subchondral plate irregular (D).
(A,B) Immunohistochemistry, (C,D) HE staining. Arrow: tidemark,
barZ 100 mm.
Table III
Synonyms of subchondral bone resorption pit
Synonyms Authors
Vascular invasion Harrision et al.7
Vascular channels Clark8
Microcracks Mori et al.9
Sokoloff10
Resorption pit Chamber et al.11
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cartilage has not been fully elucidated.
In this study, subchondral bone resorption pits were
classiﬁed into two grades by pit extension. Pits extending
into the deeper zone of articular cartilage beyond the
tidemark are classiﬁed as grade II and those remaining
within the calciﬁed zone are classiﬁed as grade I, as the
tidemark is an important defensive line of cartilage from
aggressive calciﬁcation and mineralization23,24, and the pit
beyond the tidemark is considered to have great signiﬁ-
cance. Our results showed that grade I subchondral pits
were found in both OA and the control with similar
frequency, and grade II pits were predominant in OA. The
overall histochemical characteristics of grade I and grade II
pits are summarized in Table II.
A question is raised whether pit formation is age-related,
as the average age of the controls was over 81, whereas
that of OA patients was 73.5; however, it has been reported
that the concentration of penetrating vessels in the femoral
head decreases from 15 to 60 years, and then subsequently
increases13, thus our ﬁndings were disease-related.
The next question is whether the formation of subchon-
dral bone resorption pit is promoted by mechanical stress.
Articular cartilage is susceptible to degradation where it is
usually eburnated in advanced OA, such needs joint
replacement. As the subchondral bone resorption pit was
not evaluated in the eburnated region, the pit formation was
compared with the medial and lateral condyles. As patients
had medial type OA, a higher density of grade II pits in the
medial condyles suggested that mechanical stress might
stimulate the pit formation.
The degree of cartilaginous degradation was related to
the density of grade II pits evaluated with the mMankin
score and depleted proteoglycan was noted around the pits.
Although it is unclear whether the subchondral bone
resorption pits of the surrounding proteoglycan degraded
the overlying cartilage depletion or articular degradation
induced pit formation, osteoclast-like cells and mononuclear
cells expressing MMPs in the pit must be critical.
Osteoclast-like cells seemed to resorb subchondral bone
and calciﬁed cartilage to form pits, and degraded the
proteoglycan of articular cartilage. Immunohistochemically,
polynuclear cells expressed MMP-1, MMP-3 and MMP-13,
and co-expressed MMP-13 and VNR. As osteoclasts
reportedly expressed MMP-1 in mice26, MMPs might play
a role in resorbing both the bone and articular matrix27.
The following mechanisms are expected to cause
subchondral pit formation: (1) chemotactic factors secreted
from chondrocytes, (2) activation of bone marrow mesen-
chymal cells and (3) a combination of both. Regarding the
chemotactic factors, chemokines such as those regulated
upon activation, normal T cells expressed and secreted
(RANTES), macrophage inﬂammatory protein (MIP) and
monocyte chemoattractant protein (MCP) are expressed in
OA chondrocytes28 and may diffuse into bone marrow
through the subchondral cracks27,28 leading mesenchymal
cells into the hyaline cartilage forming subchondral bone
resorption pits. Another candidate is vascular endothelial
growth factor (VEGF) expressed in chondrocytes, especially
in the late stage of OA29. Similar to chemokines, VEGF may
encourage vascular tissue from bone marrow into the
articular cartilage. A high density of grade II pits in the
medial condyles with prominent vascularization might be
partly explained by mechanical loading stimulating chon-
drocytes to produce VEGF30. Recently, involvement of nitric
oxide in neovascularization of subchondral area in OA has
been suggested31.Cells invading the subchondral bone resorption pits were
positive for vimentin, suggesting a mesenchymal origin, and
were expected to include precursors of osteoblasts. In
some subchondral pits, the surface was laid with BMP
positive cells. BMP is an osteoplastic marker, thus positive
cells were considered bone repairers.
Vascular invasion to articular cartilage via grade II pits
seemed to be followed by bone formation. Subchondral
bone resorption pits invaded articular cartilage through the
subchondral bone with active bone marrow cells, whereas
some pits were surrounded by mature lamellar bone and
lacked active marrow tissue resulting in bony indentations in
the subchondral bone. Taken together, subchondral re-
sorption pit formation is suggested as one of the mecha-
nisms of subchondral remodeling; however, its destructive
feature of a resultant irregular subchondral plate might
damage the overlying articular cartilage. Subchondral
irregularity causes an imbalance in stress transduction in
the articular cartilage and promotes degradation pro-
gresses. As control joints also had grade II pits or
subchondral cracks, this might have been a physiological
change, however, the extent of pit formation with activated
cells could induce hyper-remodeling, resulting in irregular
subchondral bone.
Although the current focus of OA treatment is the
cartilage, synovium or synovial ﬂuid, subchondral bone or
bone marrow could be a new target.
Conclusion
We clariﬁed that bone marrow tissue invasion into
subchondral bone resorption pits expressed MMPs and
showed the degradation of proteoglycan from the articular
cartilage around the tip of the invasion. These results
suggest that bone marrow-derived cells produced MMPs
involved in cartilage degradation in osteoarthritic knee
joints.
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